Abstract Cardiac magnetic resonance (CMR) imaging enables accurate and reproducible quantification of measurements of global and regional ventricular function, blood flow, perfusion at rest and stress as well as myocardial injury. Recent advances in MR hardware and software have resulted in significant improvements in image quality and a reduction in imaging time. Methods for automated and robust assessment of the parameters of cardiac function, blood flow and morphology are being developed. This article reviews the recent advances in image acquisition and quantitative image analysis in CMR.
Abstract Cardiac magnetic resonance (CMR) imaging enables accurate and reproducible quantification of measurements of global and regional ventricular function, blood flow, perfusion at rest and stress as well as myocardial injury. Recent advances in MR hardware and software have resulted in significant improvements in image quality and a reduction in imaging time. Methods for automated and robust assessment of the parameters of cardiac function, blood flow and morphology are being developed. This article reviews the recent advances in image acquisition and quantitative image analysis in CMR. 
Keywords

Introduction
The diagnosis and management of cardiac disease requires a precise assessment of the parameters of cardiac morphology and function. Cardiac magnetic resonance (CMR) imaging has shown to be a versatile non-invasive imaging modality providing accurate and reproducible assessment of global and ventricular regional function, blood flow, myocardial perfusion and myocardial scar. In addition to enhancing clinical decision making, the accuracy and reproducibility of the CMR quantitative measures of cardiac function and morphology allow research studies to be carried out with fewer subjects enhancing cost effectiveness. Significant recent advances have been made in the generation of new CMR acquisition protocols as well as MR hardware enabling more rapid image acquisition. Despite these advances, the quantitative analysis of the images often still relies on manual tracing of the contours in many images, a time-consuming process. Reliable automated or semi-automated image segmentation and analysis software allowing for reproducible and rapid quantification are under development. In this paper an overview is provided on some of the recent work that has been carried out on image acquisition, computerized quantitative image analysis methods and semi-automated contour detection software for CMR imaging. The emerging clinical applications of quantitative CMR parameters are highlighted.
Assessment of global ventricular function
The accurate and reproducible quantification of left and right ventricular volumes, function and mass is crucial for the determination of appropriate therapeutic procedures, monitoring disease progression/ response, timing of surgery and prognostic stratification in patients with cardiac disease. CMR is recognized as the reference standard for the assessment of left and right ventricular volume and mass; it has been shown to be accurate, highly reproducible and without geometric assumptions [1] . Measurements of global ventricular function are typically derived from a stack of multi-slice cine 2D steady state free precession (SSFP) images acquired during multiple periods of breath-holding. The increasing image acquisition speed in recent years has been associated with stronger magnetic field gradients. The advent of parallel imaging has made available additional speeding up of data acquisition by exploiting the characteristics of antenna arrays for signal reception. In parallel imaging only, a subset of data required to reconstruct the full image is encoded by the magnetic gradient action. The missing information is repopulated, based on differences in perception of the object signal by multiple receiver antennas placed around the object. Among all the different parallel imaging techniques presented to date, SENSE [2] and GRAPPA [3] have been the most successful and are now widely available on commercial MR systems. Central to parallel imaging is the availability of dedicated receiver array coils. The typical speed up factors achievable in cine cardiac imaging with the standard five element cardiac coil arrays range from two to four. Beyond this range SNR limitations increasingly affect the image quality. Several studies have shown that cine imaging with SENSE and other parallel imaging methods yields comparable measurements of left and right ventricular volume and function to conventional cine imaging [4] . In addition to using parallel imaging, a different approach to faster imaging of dynamic objects is based on the observations of the correlation of image information in space and time. In a cine image of the heart, large regions of the image such as the chest wall and liver are static or only moderately dynamic. In addition, individual neighboring time frames of the heart are very similar suggesting that considerable information redundancy is present in the data. Accordingly, an optimized acquisition scheme would need to update highly dynamic information at a high rate, whereas less dynamic or static information can be acquired at a much lower rate. Among such techniques k-t BLAST (Broad-use Linear Acquisition Speed-up Technique) and k-t SENSE (SENSitivity Encoding) are widely available and have received widespread attention [5] .
Both methods are based on the observation that dynamic data sets exhibit considerable correlation in space and time. These so called under-sampling techniques take advantage of this correlation by only acquiring a subset of the data and recovering the missing data points in the subsequent reconstruction process. In k-t BLAST and k-t SENSE the image content is estimated based on the so-called training data that serves as guidance for image reconstruction of the missing information. The k-t BLAST and k-t SENSE techniques typically permit a five-fold to eight-fold acceleration in dynamic cine imaging of the heart. Increased scan efficiency with these reduced data acquisition methods may be used to facilitate single-breath-hold 3D cine imaging. Single breath-hold k-t BLAST accelerated time resolved 3D cine imaging has been shown to provide accurate assessment of left and right ventricular volume and mass when compared to the standard multi-slice, multiple breath-hold SSFP imaging [6, 7] . The potential benefits of 3D cine imaging include easier planning, more rapid data acquisition and reconstruction in arbitrary planes as well as avoidance of misregistration artifacts that can affect multi-slice 2D imaging with multiple breath-holds. 3D cine imaging using k-t BLAST has also been successfully applied to dobutamine stress MR [8] .
More rapid techniques continue to be developed. A higher level of acceleration without SNR limitations is possible by the wider availability of state of the art 32-element coil arrays with even more channels available in the near future [9] . In addition, newer intravascular MRI contrast agents [10] and higher field MR [11] combined with faster image acquisition techniques and new coil developments may help to increase image contrast, reduce motion artifacts and further decrease image acquisition times.
Quantitative image analysis for assessment of global function
Assessment of global function requires the measurement of the chamber volumes at different points in the cardiac cycle. Single or bi-plane long-axis views may be used in cases with little time available for image acquisition and image review. In normal volunteers and selected patients, good agreement has been observed with results derived from multislice short-axis acquisitions [12] . The advantage of using a multi-slice short-axis acquisition is that the LV wall is imaged almost perpendicularly, resulting in minimal partial volume averaging artifacts, and in addition, the measurements are independent of geometrical assumptions. However, with the currently employed slice thickness values of 5-10 mm, a limitation is the relatively poor depiction of the most basal section. The significant myocardial motion in the through-plane direction is another factor contributing to the complexity of the analysis at the most basal section. For normal ventricles, the basal through-plane motion exceeds the typical section thickness [13] . For global RV function quantification, it has been shown that the use of axial slices has advantages over the short-axis orientation [14] . Quantification of volumetric dimensions requires segmentation of the acquired MR images. The segmentation process involves the isolation of the blood pool of the ventricle in multiple images. For each phase in the cardiac cycle, the blood volume is derived from the segmentation by multiplying the cross-sectional area of the blood pool in each imaging section by the sum of the section thickness and interslice gap.
As manual image segmentation is a time-consuming and tedious process many studies have attempted to develop an automated or semi-automated image segmentation approach. Most of the successful contour detection methods are based on underlying geometrical or statistical models. The model is used to constrain the segmentation of the LV to realistic shapes, having the advantage that the segmentation process is less sensitive to image artifacts. Examples of model based segmentation methods are the methods based on Active Shape Models (ASM) [15] and Active Appearance Models (AAM) [16, 17] . Both 2-and 3-dimensional models are currently being used. Since every image slice is usually acquired during another breath-hold, the actual image set does not really form a true 3D scene; therefore, application of a 3D model requires a pre-processing step in which the image slices are correctly aligned. A disadvantage of using a geometrical model is that in cases with ventricular pathology resulting in strange shapes, the segmentation may be erroneous at particular regions. AAM methods can also be used to model the geometric deformation of the myocardium over the cardiac cycle. Contour detection using the 2D? time AAM method is less sensitive to image artifacts in individual image frames, since the temporal smoothness of the contours is an intrinsic property of the algorithm [18] .
Inspired by the significant improvement in image quality, more recent automated segmentation methods follow a more data-driven approach [19, 20] . The work by Codella et al. describes an elegant segmentation method that takes into account the partial volume effect that occurs with the typical slice thickness values used. In this method, pixels within the LV endocardial boundary partially contribute to the blood volume and partially to the myocardial mass, depending on the pixel intensity. As such, this approach accounts for small trabeculations and papillary muscles. For assessment of the LV mass the epicardial contours also need to be defined. Automated detection of the epicardial boundaries is more complex due to the varying image intensities of the surrounding structures (e.g., lungs, diaphragm, RV blood, epicardial fat). In general, model-based segmentation methods prove to be more successful for this.
Evaluation of regional ventricular function
Myocardial strain imaging using tagged cine MRI involves the assessment of local tissue deformation as an indicator of regional myocardial contractile function. MR tagging is performed with cine MR imaging by applying a special radio-frequency pre-pulse immediately following detection of the R wave on the ECG tracing [21] . The pre-pulse is oriented perpendicular to the imaging plane and induces a local saturation that is depicted on the images as a dark line superimposed on the myocardial tissue. The multiple lines produced by successive applications of the pre-pulse are observed as parallel stripes or as a grid on the cine MR images of the cardiac cycle. MR tagging is conventionally performed by using segmented k-space spoiled gradient echo pulse sequences typically with a spatial modulation of the magnetization (SPAMM) technique [22] . Short-axis and long-axis two-dimensional tagged images allow the tracking of the myocardial strain in three dimensions. MR tags usually fade in early diastole (approximately 400-500 ms) because of T1 relaxation. A technique that improves tag persistence and can be used for tagging in both systole and diastole is complementary SPAMM (CSPAMM) [23] . With the CSPAMM method, two acquisitions are subtracted one from the other: one obtained with a SPAMM technique and a second obtained with a saturation pre-pulse that is inverted with respect to the SPAMM sequence. The primary drawback of the CSPAMM technique is that it doubles the acquisition time and thus the breath-holding time, which may result in the misregistration of the images to be subtracted. However, a reduction of imaging time with CSPAMM is possible by applying a segmented echo-planar imaging (EPI) sequence that allows the acquisition of systolic and diastolic grid-tags within a single breath-hold [24] . The EPI CSPAMM technique with a shortened acquisition time has been used for myocardial tagging under physical stress at high heart rates [25] . Spoiled gradient echo imaging has most commonly been used for signal generation; however, recent studies have demonstrated better tag contrast and persistence with the SSFP read-outs [26] .
Recent developments in MR tagging include the development of inherent tissue tracking methods without tag detection and straightforward analysis such as harmonic phase imaging (HARP), displacement encoding with simulated echoes (DENSE) and strain-encoded (SENC) MR. HARP and DENSE techniques encode myocardial tissue displacement into the phase of the MRI signal and then compute myocardial strain from phase-reconstructed images [27] . Pixel-wise high spatial resolution and inherent tissue tracking are achieved.
Strain-encoded (SENC) imaging has recently been introduced as a new method for measuring myocardial strain [28] . In contrast to the SPAMM conventional tagging, SENC uses tag surfaces parallel to the image plane combined with out-ofplane phase-encoding gradients along the sliceselected direction. Radiofrequency (RF) pulses with ramped flip angles are applied to compensate for the tag fading caused by longitudinal relaxation and to maintain constant myocardial signal intensity throughout the cardiac cycle. By combining SENC magnitude images at two different tuning frequencies (low-and high-tuning), a SENC strain map is computed, which is then overlaid pixel-by-pixel on the anatomic image long-axis views that have to be generated to calculate circumferential strain, and short-axis views to measure the longitudinal strain. This technique produces images where the intensity depends on the degree of tissue deformation, measured by the strain (i.e., the change in length per unit length of tissue). Therefore, the resulting anatomical images of the scanner are encoded with the strain values of the deformations. No postprocessing of the resultant maps is needed when this method is used. SENC provides a higher temporal and spatial resolution of strain measurements throughout the whole cardiac cycle and has been shown to be a reliable tool for accurate and objective quantification of regional myocardial systolic and diastolic function when compared to conventional SPAMM tagging [29] . A dysfunctional region on SENC images corresponds with the region of hyperenhancement on delayed contrast-enhanced images in patients with a myocardial infarction (MI) [30] . The direct color-coded visualization of the myocardial strain rate with the SENC rate has been shown to be a useful adjunct for the dobutamine stress MR (DSMR); it provides incremental value for the detection of CAD compared to conventional wall motion readings on cine images [31] . A further modification of the SENC technique known as the fast-SENC pulse sequence, enables one to acquire strain-encoded images in a single heartbeat by combining localized SENC, spiral imaging, and interleaving of the individual components used for SENC imaging [32] . Real time imaging of regional myocardial function is made possible [33] . The SENC technique has been shown to be feasible for the detection of regional right ventricular strain due to its high image quality and spatial resolution [34, 35] . The use of conventional methods of MR tagging in imaging of the right ventricle is limited because of the thinness of the myocardium and the orientation of the myocardial strain in the right ventricle.
Regional ventricular function may also be assessed from standard cine MR sequences, based on the evaluation of the movement of the endocardial boundary, or the thickening of the myocardium during systole. Once endocardial and epicardial contours are available for the ED and ES phases, the centerline method can be employed to quantify regional function. Since this method is only capable of assessing the radial component of myocardial motion, it is less advanced than the previously described MR techniques. By analyzing the evolution of the segmental myocardial thickness or myocardial motion over the complete cardiac cycle, it can also be used to assess LV dys-synchrony for prediction of the response to cardiac resynchronization therapy [36, 37] . Figure 1 illustrates the results from temporal segmental wall motion analysis in a patient with and a patient without wall motion dyssynchrony.
Evaluation of blood flow in the heart and great vessels Cardiac-gated GRE sequences with flow-encoding gradients are used to quantify velocity and blood flow in the heart and great vessels. These sequences are referred to as velocity encoded cine (VEC) MRI or phase-contrast MRI. 2D VEC MRI sequences are the most commonly used in clinical practice. They can be used to quantify cardiac output, pulmonary to systemic flow ratio, valvular regurgitation, and coronary flow reserve. In addition, the location and severity of flow obstruction can be observed. VEC MRI is useful for corroborating volumetrics obtained with cine imaging of the heart to assure that the data obtained are accurate.
Newer VEC MRI sequences allow resolution of velocity vectors in three directions, with spatial coverage of a 3D volume, temporally resolved throughout the cardiac cycle. Such sequences have been coined 7D flow encoding and have the advantage of providing complete spatial and temporal resolution of velocity with a higher signalto-noise ratio than 2D methods [38, 39] . Such acquisitions may be used for visualization of flow patterns in the heart and great arteries or for more accurate quantification of blood flow. Westenberg et al. demonstrated that such VEC MRI sequences can be used to obtain more accurate assessment of trans-valvular flow and used this technique in volunteers and patients with mitral and tricuspid valve regurgitation [40] . Quantification of transvalvular flow from these 3D acquisitions involves retrospective definition of the valve plane. After reconstruction of the through-plane component of flow through the valve orifice, trans-valvular flow can be assessed using standard techniques at each point in the cardiac cycle.
Myocardial perfusion at rest and stress CMR perfusion imaging can quantify the absolute myocardial blood flow (MBF) in milliliters/minute/ gram. Some advantages of CMR perfusion imaging include its lack of ionizing radiation, the wide availability of CMR imaging systems, and a sufficiently high spatial resolution to allow analysis of transmural differences in myocardial blood flow.
Significant technical and clinical advances have occurred in the field of CMR perfusion imaging in recent years. The diagnostic accuracy of the technique has been validated against competing non invasive and invasive modalities in single center and increasingly in multicenter studies [41, 42] . In addition, increasing prognostic data on the value of stress perfusion MR has become available [43] . As a result, stress perfusion MRI has evolved from a promising research tool to an everyday clinical test. The ability to detect global reductions in perfusion reserve, to assess serial changes in flow with improved precision, and to examine subendocardial flow can provide important insights into our understanding of the pathophysiology of myocardial disease and aid in the evaluation of novel therapies.
CMR perfusion imaging acquisition
The use of T1-sensitive imaging sequences during the first pass bolus injection of a gadolinium-based contrast agent is the most robust and extensively studied CMR technique available for assessing myocardial perfusion. T1-weighting can be obtained by inversion recovery or saturation recovery, either nonslice selective or slice-selective (=notched pulse saturation). The main issue in the design of CMR perfusion sequences is the trade-off between spatial and temporal resolution. A sufficient temporal and spatial resolution, which is required to image several cardiac slices, every or at least every other heartbeat, and to achieve an in-plane resolution of 2-3 mm to separately visualize the endocardial and epicardial layers, can be obtained with a fast data readout by . Although there is no standardized technical approach, the use of a balanced SSFP technique has been shown to provide higher peak enhancement and superior image quality when compared to other sequences, when using 0.05 mmol/kg body weight of Gd-BOPTA [45] . Typically, three to five short-axis slices of the heart are acquired over 5-10 s prior to the injection of the intravenous contrast bolus, and about 60 s after the injection of contrast. Imaging during pharmacological vasodilatation with adenosine or dipyridamole is routinely performed to improve differentiation of normal from stenotic perfusion beds. The regional image contrast enhancement should ideally be proportional to the contrast agent concentration. Such an approximate linear relationship between regional signal intensity and contrast agent concentration is only observed at lower contrast agent doses. Dosage regimes for gadolinium based extracellular contrast agents have varied between 0.025 and 0.15 mmol/kg in different studies. Investigators have also used a double bolus technique for first pass CMR perfusion rather than a single bolus for quantitative analysis of perfusion [46] . This is performed by giving a very low dose bolus initially to generate arterial input function, an indication of the tracer available for coronary perfusion, followed by a high dose bolus to maximize myocardial enhancement. The double bolus technique has been suggested as providing less distortion of the left ventricular cavity signal intensity, thereby allowing accurate depiction of the arterial input function. Quantitative myocardial perfusion using a double bolus first pass perfusion has been validated in animal models against microspheres, and has been shown to differentiate hyperemic blood flow in healthy human subjects.
Qualitative and Semi-quantitative analysis
In CAD diagnosis of a hemodynamically significant stenosis and assessment of functional significance of an anatomical lesion form an important part of clinical management. The simplest method for interpreting CMR perfusion studies is to view the study in cineloop format for regions of relative hypoperfusion. This is the most common method used in clinical practice and both single and multicenter studies have validated the diagnostic accuracy of the visual assessment of stress perfusion data against invasive angiography [41] . A number of semi-quantitative parameters can also be obtained from the time intensity curve obtained by plotting the signal intensity (SI) against time from the dynamic perfusion images. These parameters include the maximal signal intensity, contrast appearance time, time to maximal SI, area under the SI curve and the steepness of the SI curve's upslope determined by a linear fit to the initial part of the curve. Of these parameters the upslope of the SI curve has been most widely adopted for semiquantitative analysis and has been shown to improve diagnostic accuracy over visual analysis alone [47] . A recent meta-analysis showed an overall sensitivity of 91% and specificity of 81% for CMR perfusion imaging using qualitative and semi-quantitative analysis for the diagnosis of CAD, compared to quantitative coronary angiography [41] .
Image processing of perfusion imaging studies
To derive quantitative indices related to the presence or absence of myocardial perfusion deficits, timeintensity curves must be evaluated for regions within the myocardium. Due to the significant patient motion over the acquisition period, time-intensity curves that are derived from a static region in the image are severely distorted (Fig. 2) . Automated image co-registration techniques have been developed to correct for motion artifact [48] [49] [50] . Once the images are registered, endocardial and epicardial contours can be traced in one image frame and copied to other frames. Subsequently, time-intensity curves for particular myocardial regions can be easily generated. Although these curves can be determined at a pixel level, the noise level in the images is often not sufficient to derive reliable perfusion indices at this level of detail. More typically 4-8 segments are defined for each imaging section that can be further sub-divided into an endocardial and an epicardial layer [51] .
Absolute perfusion quantification
In contrast to the semi-quantitative methods, models exist that quantify MBF. It may be important to quantify myocardial perfusion and perfusion reserve in patients with multi-vessel disease because perfusion is often globally reduced and qualitative or semiquantitative measures are inadequate. Quantitative myocardial perfusion CMR studies have provided insights into the pathophysiology of epicardial coronary artery disease, microvascular disease and cardiomyopathy. The benefits of absolute blood flow quantification with CMR may improve clinical diagnosis and have important implications for cardiovascular research.
Several studies have evaluated perfusion in instrumented animals to compare noninvasive MBF by CMR with flow measured by injected microspheres, which provide a pathological gold standard for regional tissue perfusion [46, [52] [53] [54] . The overall correlation between CMR and microsphere MBF is good to excellent, with the correlation coefficient ranging from 0.79 to 0.95 over a wide range of myocardial blood flow. In addition, absolute perfusion correlated more closely with microsphere blood flow than established semi-quantitative CMR indexes [46] . In healthy volunteers MBF measurements by CMR have been found to be in agreement with published values based on invasive and noninvasive methods, and the magnitude of flow heterogeneity is similar to that seen in PET [55] [56] [57] . A significant correlation has been shown for both dipyridamoleinduced flow (r = 0.70, P = 0.001) and MPR (r = 0.48, P = 0.04) between CMR and PET in healthy volunteers [58] .
Absolute quantitative CMR perfusion has been recently used in a number of clinical studies in both patients with CAD and cardiomyopathy [59] [60] [61] [62] [63] [64] [65] . The myocardial perfusion reserve index, using quantitative CMR perfusion, has been shown to be reduced in the presence of early myonecrosis after percutaneous coronary intervention (PCI), using delayed enhancement MR (DE-MR) as the reference standard [64] . Hibernating myocardial segments demonstrate reduced resting myocardial blood flow on quantitative CMR perfusion imaging [65] . Percutaneous treatment of chronic total coronary occlusions improves regional hyperemic myocardial blood flow as measured by quantitative CMR perfusion imaging [59] . The fractional flow reserve (FFR), determined using invasive intracoronary pressure wires, is considered to be a reliable stenosis-specific method for determining hemodynamically significant CAD [66] . In a recent study an absolute quantitative CMR, a perfusion reserve cutoff of 2.04 was demonstrated to be 92.9% sensitive and 56.7% specific in predicting a coronary segment with FFR B 0.75 [60] . Quantitative perfusion CMR is thus potentially a safe noninvasive test that represents a stenosis-specific alternative for determining the hemodynamic significance of CAD. In hypertrophic cardiomyopathy Fig. 2 Short-axis image at a mid ventricular slice level with endo-and epi-cardial contours defined and the myocardium divided into 6 segments (a). Signal-intensity versus time curves are derived for each of the myocardial segments. Without motion correction (b) the curves are not suitable for quantitative analysis. After motion correction (c), perfusion indices such as maximum upslope can be derived reliably (HCM), hyperemic blood flow, as measured by quantitative CMR perfusion, has been shown to be reduced in proportion to the magnitude of the hypertrophy [62] . Microvascular dysfunction and subsequent ischemia may be important components of the risk attributable to HCM.
Further studies are underway in the field of CMR perfusion imaging acquisition. Most contemporary pulse sequences do not achieve full heart coverage but can acquire at least three short-axis slices every heart beat with an acquisition time of approximately 150 ms/slice and an in-plane spatial resolution of 2-3 mm. Faster pulse sequences, new acceleration techniques [67, 68] imaging at higher field strengths [69] and the use of intravascular contrast agents are under investigation with the potential to enable greater heart coverage, spatial resolution and or increased signal-to-contrast ratio.
Delayed contrast enhanced magnetic resonance imaging
DE-MR enables detection, characterization and accurate quantification of acute and chronic myocardial infarction. Quantification of infarct size with DE-MR has been validated against true infarct size as verified by histochemical staining with triphenyl tertazolium chloride (TTC) in animal models [70] . Acute infarct size, on DE-MR, directly relates to LV remodeling and is a stronger predictor of future events than measures of LV systolic performance [71, 72] . The transmural extent of the infarction as seen on DE-MR in chronic MI is inversely related to the likelihood of recovery following revascularization [73] . Infarct size on DE-MR has been shown to be superior to LVEF and LV volume for predicting long-term mortality in patients with healed myocardial infarction [74] . Myocardial scar forms a substrate for ventricular tachy-arrhythmias and scar quantification by DE-MR has the potential for allowing better identification of at-risk patients. In a study of patients with established CAD that underwent electrophysiological study (EPS) based sudden cardiac death (SCD) risk stratification, Bello et al. found that the infarct surface area (172 ± 15 vs. 93 ± 14 cm 2 ) and mass (49 ± 5 vs. 28 ± 5 g), as measured by DE-MR, were greater among patients that had sustained ventricular tachycardia (VT) compared to patients that were non inducible [75] . Another potentially important pathophysiological substrate for adverse post MI events is the peri-infarct zone as measured by DE-MR. Yan and colleagues found that the presence of extensive peri-infarct regions of intermediate hyperenhancement (defined by hyperenhancement with signal intensity two to three SD above normal) conferred an increased mortality risk [76] . The total scar burden, assessed using DE-MR, has been found to predict the clinical response to cardiac resynchronization therapy (CRT) [77, 78] , and it may aid in better patient selection. In addition to allowing detection and characterization of the non-ischemic cardiomyopathies, scar quantification with DE-MR may play a role in determining prognosis and risk assessment. HCM patients with ventricular tachycardia have been found to have a higher percentage of myocardial scarring noted on DE-MR independent of septal thickness or beta blocker usage [79] .
A 2D segmented inversion recovery GRE sequence is the standard sequence used for DE-MR [80] . Recently, an ultrafast, real-time version of DE-MR has become available and can acquire snapshot images during free breathing, although with lower spatial resolution and less T1 weighting [81] . The technique uses an inversion recovery steady-state free precession (SSFP) imaging sequence in singleshot mode with parallel imaging and provides complete left ventricular coverage in less than 30 s. High accuracy for the detection of a MI has been shown and the technique can be considered the preferred approach in patients who are more acutely ill, unable to hold breath, or have irregular heart rhythms. Quantitative analysis however demonstrates moderately reduced contrast-to-noise ratios for subsecond imaging between the infarct and remote myocardium and between infarct and left ventricular cavity. Compared to standard imaging, the sensitivity is mildly reduced, and the transmural extent of the infarction may be underestimated by the single shot SSFP technique.
Image processing for DE-MR imaging studies
Various approaches have been suggested for determining the optimal intensity threshold characterizing the region of scar within the myocardium. In the pioneering work of Kim et al. hyperenhanced regions were defined as those regions having an intensity value [2D above the mean of the remote normal myocardium [70] . Other investigators have suggested slight modifications to this approach by proposing the addition of two to five times the standard deviation [82, 83] . These observations demonstrate the sensitivity of the SD-method to differences in the image acquisition protocol. As an alternative, the Full-WidthHalf-Maximum has been proposed and has been validated in animal studies by Amado and coworkers [84] . The inherent properties of the Full-Width-HalfMaximum method make it much less sensitive to variations in image acquisition parameters. Based on this criterion Hsu et al. developed a fully automated technique to obtain accurate assessment of the size of a myocardial infarction and validated this approach in an animal experimental setting [85] . The size of myocardial scar can easily be derived by counting the number of pixels within the myocardium above the defined threshold, which can be expressed in grams or as percentage of the LV myocardium. The local transmurality can be derived as the thickness of the scar relative to the local wall thickness (Fig. 3) .
Integrated analysis
The increasing routine clinical use of CMR and the overwhelming size of the typical CMR image data sets pose a significant challenge for time-efficient image quantification and interpretation. In the last decade various image analysis software packages with automated image segmentation and quantification methods have been introduced to support the work of the clinician. However, these software packages primarily focus on particular elements within a CMR exam, such as the assessment of global function or myocardial perfusion. The integration of the available post-processing techniques for CMR image analysis into a software solution for the analysis of all of the data acquired in a comprehensive CMR examination would be a major step forward. The work by Hennemuth et al. shows a significant step towards such an integrated image analysis solution [86] .
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